Background: MicroRNAs (miRNAs) play important roles in the growth and metastasis of colon cancer. It is known that one set of miRNAs are dysregulated in colon cancer cells, but the mechanism of their role in cancer development is still largely unknown. Our study focuses on the role of miR-378 in colon cancer cells.
Background
In the worldwide rankings of cancer incidence and mortality, colon cancer ranks third and fourth, respectively [1] . There are more than one million new colon cancer cases and about 700,000 people die of colon cancer each year [2] . Multiple factors are involved in the occurrence and development of colon cancer, including the activation of oncogenes and inactivation of tumor suppressor genes [3] . The mutation in the tumor suppressor gene is crucial for the transition from non-invasive to invasive disease. Mutations are found in invasive colorectal cancer (CRC) with an increasing frequency (75%) correlating to the extent of malignance [4] . Point mutations in the K-ras gene can lead to amino acid substitutions in the protein, activating the potential carcinogenicity of the ras gene [5] .
Many research groups explored the biological mechanisms of colon cancer, identifying many oncogenes and tumor suppressor genes. Emerging evidence suggests that some changes in the expressions of genes regulating oncogenes or tumor suppressor genes can also lead to the occurrence of colon cancer. A clearer understanding of the mechanism of colon cancer occurrence, development, migration and recurrence coupled with exploration of the new molecular markers of colon cancer would aid greatly in the early diagnosis and treatment of colon cancer.
MicroRNAs (miRNAs) are endogenous non-coding small RNAs that are about 19-24 nt in length and play important roles in plants and animals by targeting the 3-terminal non-coding region of the target gene mRNA to cause transcriptional repression or regulate mRNA degradation [6] [7] [8] . An increasing number of studies have shown that miRNAs play important roles in promoting or inhibiting tumor cell proliferation, invasion, apoptosis and drug resistance by regulating oncogenes or tumor suppressor genes [9] [10] [11] .
It has been found that miRNAs are differentially expressed in colon cancer cells. They are closely related to the biological and clinical characteristics of colon cancer and play an important role in its development and progression [12] . For example, miR-582-5p inhibits the expression of APC in colon cancer cells by targeting the 3′ untranslated region (3'UTR) region of the gene, thereby promoting proliferation [13] . miR-203 suppresses proliferation by decreasing the expression level of EIF5A2 [14] . Several studies indicate that miRNAs are involved in the metastasis of colon cancer. miR-552 promotes the migration of colon cancer cells by targeting ADAM28 [15] and miR-9 inhibits colon cancer cell migration and invasion by downregulating TM4SF1 [16] . Based on such results, miRNAs are currently in focus as a potential target for colon cancer therapy.
miR-378 has been reported to play an important role in many types of cancer. For example, it can reverse drug resistance to cisplatin in lung cancer [17] . In gliomas, decreased miR-378 levels indicate high tumor invasiveness and poor prognosis [18] . miR-378 inhibits the growth and proliferation of tumor cells in hepatocellular carcinoma [19] . However, there are few studies on the relationship between miR-378 and the development of colon cancer.
In this study, we found that miR-378 plays a tumor suppressor role in colon cancer cells. We also confirmed that SDAD1 is a direct target gene for miR-378, and that SDAD1 promotes the proliferation, migration and invasion of colon cancer cells. In addition, we found that miR-378 suppresses the malignant behavior of colon cancer cells by inhibiting Wnt/β-catenin pathway. These data suggest that miR-378 may be a target for colon cancer diagnostics and treatment.
Methods

Colon cancer tissue samples
Twenty-seven pairs of colon cancer tissues and adjacent non-tumor tissues were collected from patients diagnosed in our hospital from August 2014 to September 2015. All patients who provided samples had been diagnosed in pathological examinations and not treated with radiotherapy and chemotherapy before surgery. Informed consent was obtained from each patient, and all the experiments were approved by the Ethics Committee of Sichuan Provincial People's Hospital. All tissue samples were maintained in liquid nitrogen.
Cell lines and cell culture
The human colonic carcinoma cell lines LoVo, CaCo2, SW1116, SW480 and HCT-116, and the normal colonic mucosa cell line NCM460 were purchased from the Shanghai Cell Bank. All cell lines were cultured in DMEM medium containing 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a 5% CO 2 incubator.
RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from colonic cancer cells and tissue samples according to the instructions for the mirVANA RNA isolation Kit (Ambion). The extraction concentration was measured with a NanoDrop spectrophotometer. Standby preservation at −80°C. For quantitative RT-PCR, RNA was reverse transcribed into cDNA using M-MLV reverse transcriptase and RiboLock nucleic acid enzyme inhibitor (Applied Biosystems). The GenePharma SYBR Green method was used to conduct real-time PCR with Bio-Rad IQ-5 with the reaction consisting of a 10-min hot start at 95°C, then 50 cycles of 15 s at 94°C, 30 s at 55°C, and 30 s at 70°C. The 2 -ΔΔCt method was used for mRNA or miRNA quantification analysis, with β-actin or U6 as standards, respectively. The primer sequences are shown in Table 1 . were transfected with miR-378 mimics or ASO-miR-378 (GenePharma) using Lipofectamine 2000 (Invitrogen) according to the manufacturers' instructions, then transfected with SDAD1 siRNA (si-SDAD1, GenePharma). At 6 h after transfection, the cells were cultured in normal culture medium. Analyses were performed 48 h later.
Western blotting
The cells showing good growth were lysed by RIPA. Then 50 μg samples were loaded in 10% SDS-PAGE electrophoresis. Next, the protein on the separation gel was transferred onto PVDF film via electrotransformation and blocked with 5% blotto. Two hours after being blocked, the protein was incubated with primary antibody (rabbit anti-human polyclonal antibody, 1:500) and cultured overnight at 4°C. When it was equilibrated to room temperature, the film was washed, and the secondary antibody (goat anti rabbit, 1:1000) was added. The membrane was put into Lightning Chemiluminescence Reagent for 2 min, then removed and put into the exposure box. Photographic film was exposed in the darkroom for a minute, followed by development and fixing. LabWorks gel-imaging and analysis system was adopted for photographing and analyzing the luminance value of each group of target band.
Luciferase reporter assay
An amount of 1 × 10 4 cells were seeded in 48-well plates. After 24 h, SW480 cells were co-transfected with 200 ng miR-378 and 50 ng SDAD1-3'UTR plasmids. Cells were lysed 36 h after transfection. Fluorescence activity was measured with a dual luciferase system (Promega).
Cell proliferation analysis
MTT assay was used to analyze the proliferation of colon cancer cells. Colon cancer cell lines were seeded in 96-well plates at a rate of 3000 cells/well for 24, 48 and 72 h, respectively, and 10 μl MTT (Sigma) was added to each well. After 4-6 h incubation, the medium was discarded. Then 100 μl DMSO was added to each well and the cells were incubated in the dark for 20 min. The absorbance at 570 nm was measured using an enzyme-labelling measuring instrument. Each group consisted of 5 duplicates, and at least three separate experiments were repeated.
Colony formation analysis
Transfected colon cancer cells were treated with trypsin-collagenase to digest them into a single cell suspension, then seeded into 12-well plates at a rate of 400 cells/well and cultured in a 5% CO 2 incubator at 37°C for 14 days. The cells were washed twice with PBS and then stained with 2% crystal violet for 15 min, and the plate was dried at room temperature. The number of clones formed in the plate was counted. At least three separate experiments were carried out.
Apoptosis analysis
Apoptosis was analyzed via flow cytometry using annexin V-PI staining. Briefly, 1 × 10 5 cells were seeded in 6-well plates, treated with PBS twice 48 h after transfection, digested and resuspended with 100 μl binding buffer. The cell density was adjusted to 0.5 × 10 6 /100 μl cells. 5 μl Annexin V/FITC was added to stain the cells for 10 min in the dark at room temperature. Then 100 μl binding buffer was added and mixed by flicking. Next, the cells were stained with 5 μl PI for 5 min in the dark at room temperature. Apoptosis rates were analyzed using a FACScan flow cytometry (BD Biosciences) within 1 h [20] .
Transwell assays
The aperture in the bottom membrane of Transwell chambers (Corning) was 8 μm. The chambers were coated with matrigel (Sigma) for the determination of invasive ability. No matrigel was added for the migration test. The under layer was filled with 600 μl DMEM nutrient solution containing 10% FBS. The volume of the upper layer of the Transwell chambers was 200 μl. This was inoculated with 5 × 10 5 colonic cancer cells. The cells were cultured in an incubator at 37°C with 5% CO 2 for 48 h, then the wells were removed and fixed in liquid consisting of methanol and glacial acetic acid (3:1), for 30 min. Then the wells were washed with PBS, stained with 0.1% crystal violet and finally mounted. For the observation, 5 random fields were randomly selected and the numbers of stained cells were counted under a microscope [21] .
Statistical methods
GraphPad Prism 5.0 (GraphPad Software) statistical software was used. Data are presented as means ± standard deviation. Statistical analyses were performed with Student's t-test with p < 0.05 considered statistically significant.
Results
miR-378 is expressed at a low level in colon cancer
To determine the miR-378 level in colon cancer, we first determined the expression levels of miR-378 in 27 pairs of colon cancer tissues and adjacent normal tissues using quantitative RT-PCR. As shown in Fig. 1a , miR-378 has a low level of expression in colon cancer tissues. Next, we detected the expression level of miR-378 in colon cancer cell lines. Compared to the expression level in the normal colonic epithelial cell line NCM460, miR-378 has a low level of expression in multiple colon cancer cell lines, including LoVo, CaCo2, SW1116, SW480 and HCT-116 (Fig. 1b) .
miR-378 inhibits proliferation of colon cancer cells by inducing apoptosis
To further explore the role of miR-378 in colon cancer cells, SW480 and HCT-116, which had low expression levels of miR-378, underwent further study. First, we used MTT to detect the proliferation of colon cancer cells. As shown in Fig. 2a , overexpression of miR-378 significantly inhibited the proliferation of colon cancer cells, and blocking miR-378 could promote the proliferation of colon cancer cells. Next, the colony formation assay also showed that overexpression of miR-378 inhibited the proliferation capacity by about 25% (Fig. 2b) . We then used flow cytometry to detect colon cancer cell apoptosis. As shown in Fig. 2c , overexpression of miR-378 significantly increased apoptosis in colon cancer cell line SW480, whereas the level of apoptosis decreased when miR-378 was blocked. Western blot was used to detect the expression of the proapoptotic gene Bad and anti-apoptotic/apoptosis-suppressing gene Bcl-2. As shown in Fig. 2d , the expression level of Bad increased by 51% while the expression level of Bcl-2 decreased by 48% when miR-378 was overexpressed in SW480 cells. We believe that miR-378 inhibits the proliferation of colon cancer cells by inducing apoptosis.
miR-378 inhibits colon cancer cell migration and invasion
We used Transwell migration and invasion assays to investigate the effect of miR-378 on the migration and invasion of colon cancer cells. As shown in Fig. 3a , overexpression of miR-378 in colon cancer cell lines SW480 and HCT-116 inhibited cell migration significantly (by approximately 25%). Overexpression of miR-378 inhibited cell invasion (Fig. 3b) . Conversely, knockdown of miR-378 promoted migration and invasion of colon cancer cells. To study the underlying mechanism, we used quantitative RT-PCR and Western blot to detect the mRNA and protein expression levels of the marker proteins related to the process of epithelial-mesenchymal transition (EMT). The results indicated that overexpression of miR-378 could inhibit the EMT process of colon cancer cells (Fig. 3c and d ).
SDAD1 is a direct target gene for miR-378
We searched for miR-378 target genes using the TargetScan database and related functional analyses. SDAD1 was chosen as the object for further study (Fig. 4a) . To demonstrate that SDAD1 is a direct target gene for miR-378, we constructed the fluorescent reporter vectors with the miR-378 binding site on SDAD1-3'UTR. By co-transfecting miR-378 with the SDAD1-3'UTR reporter vector into colon cancer cells, we detected the activity of luciferase to demonstrate the condition of miR-378 targeting SDAD1. At the same time, we made point mutations in SDAD1-3'UTR to construct mutant SDAD1-3'UTR fluorescence reporter plasmid. Overexpression of miR-378 resulted in decreased fluorescence activity and no significant changes in fluorescence activity were observed in mutant UTR (Fig. 4b) . This demonstrates that miR-378 and SDAD1 have a direct and negative regulatory relationship. We also found the expression levels of mRNA and protein in SDAD1 respectively decreased by 49% and 50% when miR-378 was overexpressed, while the mRNA and protein levels of SDAD1 respectively increased 4 and 1.5 times when blocking miR-378 ( Fig. 4c and d) . These results indicate that miR-378 suppresses expression of SDAD1 in colon cancer cells.
SDAD1 promotes proliferation and migration/invasion of colon cancer cells
We next explored whether the effects of SDAD1 on the proliferation and migration of colon cancer cells are consistent with this targeting relationship. The SDAD1 level was higher in the colon cancer tissues than in adjacent normal The mRNA (C) and protein (D) levels of SDAD1 were detected using quantitative RT-PCR and western blot, respectively, in SW480 cells transfected with miR-378 mimics. *p < 0.05, **p < 0.01, ns: not significant Fig. 3 The effect of miR-378 on the migration and invasion abilities of colon cancer cells. a, b The effect of miR-378 mimics on the migration (a) and invasion (b) of SW480 and HCT-116 cells determined using Transwell plates. c Quantitative RT-PCR was used to measure the mRNA levels of three EMT markers, eCadherin, vimentin and a-SMA, in miR-378 mimics transfected SW480 cells. d Western blot was used to measure the protein levels of these EMT makers in SW480 cells transfected with miR-378 mimics. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 tissues (Fig. 5a) . Knockdown of SDAD1 significantly reduced the proliferation of colon cancer cells, suggesting that SDAD1 promotes proliferation of colon cancer cells (Fig. 5b and c) . Flow cytometry showed that knockdown of SDAD1 resulted in an increase in apoptosis of SW480 cells by 48% (Fig. 5d) . We also investigated the effect of SDAD1 on the migration and invasion of colon cancer cells using Transwell migration and invasion assays. The results showed a decreased migration and invasion of colon cancer cells when SDAD1 was knocked down (Fig. 5e) . Also, knockdown of SDAD1 in SW480 colon cancer cells can significantly inhibit the cell EMT process (Fig. 5f ). These results indicate that SDAD1 promotes proliferation, migration and invasion of colon cancer cells. Previous studies have indicated that the Wnt/β-catenin pathway promotes development and progression of colon cancer. Therefore, we continued to investigate whether miR-378 in colon cancer cells inhibits Wnt pathway activation. We determined the expression levels of β-catenin, GSK-3β, p-GSK-3β and Ki-67 in the Wnt/β-catenin pathway in SW480 cells when miR-378 was expressed differently. Overexpression of miR-378 significantly inhibited the expression of β-catenin and Ki-67 (Fig. 6) . We also found that overexpression of miR-378 significantly inhibited the expression of two important transcription factors, TCF-4 and LEF-1 (Fig. 6) . We believe that miR-378 caused Wnt/β-catenin pathway inhibition.
Discussion
A tumor is essentially a polygenic disorder where cells escape the normal growth control mechanism, undergoing autonomic proliferation, becoming invasive, and showing a malignant phenotype due to the activation of one or more protooncogenes, or the mutation or deletion of a tumor suppressor gene [10] .
There are many regulatory factors in the development of cancer. These modulating factors can regulate the expression of oncogenes or tumor suppressor genes to play roles in tumor promotion or inhibition. miRNA has been found to regulate cell proliferation, differentiation and apoptosis by regulating the expression of signaling molecules, such as cytokines, transcription factors, growth factors, pro- Fig. 6 The effect of miR-378 on the Wnt/β-catenin pathway. Western blot was used to measure the levels of β-catenin, Ki-67, GSK-3β, p-GSK-3β, and the transcription factors TCF-4 and LEF-1 when miR-378 was overexpressed apoptotic and anti-apoptotic genes, indicating that miRNA is closely related to tumor occurrence, progression and prognosis.
The dysregulation of miRNA expression may be an important factor in tumor development and progression [22, 23] . Studies have demonstrated that miR-378 has biological functions that can regulate a variety of tumor cells, including cell proliferation [24] , migration and invasion [25] , and drug resistance [26] .
In this study, we found that the expression of miR-378 was significantly decreased in colon cancer specimens and cell lines. We also confirmed that miR-378 can inhibit the proliferation of colon cancer cells. It was also found that miR-378 inhibited the proliferation of colon cancer cells by inducing apoptosis. These results indicate that miR-378 can inhibit the proliferation of colon cancer cells. Furthermore, we found that miR-378 inhibits the migration and invasion of colon cancer cells by inhibiting the epithelial-mesenchymal transition (EMT) pathway, and we further investigated the mechanism of miR-378's tumor suppressor role in colon cancer cells.
It is well known that miRNAs target the 3′ untranslated region (3'UTR) of the target gene so as to realize its biological function by inhibiting the expression of the target gene [27] . Finding specific miRNAs and their target genes involved in tumorigenesis will provide an important clue for the diagnosis and treatment of malignant tumors in patients.
In our study, we used bioinformatics algorithms to predict that SDAD1 is a candidate target for miR-378. SDAD is a gene family which has not been extensively studied, and the role and mechanism of SDAD1 in cancer have not been reported yet. This is the first identification of an oncogene role for SDAD1 in colon cancer cells. SDAD1 promotes the proliferation of colon cancer cells by reducing apoptosis. Transwell migration and invasion experiments indicated that SDAD1 promotes colon cancer cell migration and invasion abilities by facilitating EMT.
Wnt glycoprotein regulates homeostasis and development by binding to the Frizzled-LRP5/6 complex. The classical function of the Wnt signaling pathway is to induce the stabilization of cytoplasmic β-catenin, nuclear translocation and gene regulation as a T-cell factor (TCF) coactivator. Through the interaction of different signal molecules, Wnt triggers complex signal cascades to promote cell growth, migration, differentiation, development, and so on. The highly conserved Wnt signaling protein family members play an important role in embryonic development. Their abnormal activation can lead to the occurrence of tumors [28] . The abnormality of the Wnt-β-catenin signal pathway is closely related to the occurrence and development of many kinds of tumors. In nasopharyngeal carcinoma and esophageal squamous cell carcinoma, abnormal activation of the Wnt pathway promotes tumor formation [29] . Hepatitis C virus core protein stimulates hepatocyte proliferation due to upregulation of Wnt-1 expression [30] .
In our study, we found that miR-378 inhibited the Wnt/β-catenin pathway in colon cancer, which may reduce the malignant progression of colon cancer.
Conclusion
This study provides new evidence that miR-378 can inhibit the proliferation of colon cancer cells by promoting apoptosis. miR-378 also inhibits the invasion and migration of colon cancer cells by reducing EMT process. miR-378 targets the 3'UTR of SDAD1 to negatively regulate its expression. SDAD1 not only promotes proliferation, migration and invasion but also inhibit apoptosis and promotes EMT of colon cancer cells. This suggests that miR-378 may be a target for the treatment of colon cancer. 
